Abstract: This paper proposes a method for designing a quadruple-mode wideband bandpass filter using off-centered perturbed metallic cylinders in a rectangular waveguide cavity with compact size and improved out-of-band rejection. Two off-centered perturbation cylinders were placed at the bottom of the rectangular waveguide cavity along with a pair of perpendicularly-fed coaxial lines, which excited four quasi-transverse magnetic (TM) modes to realize the desired passband. The height of the waveguide cavity and the shape of the perturbation cylinders were exploited to achieve an all quasi-TM modes filter with good out-of-band rejection and sharp skirt selectivity. The proposed filter operates at 2.93 GHz center frequency with 38% wide fractional bandwidth (FBW). The proposed filter is fabricated using aluminum. The measured and simulated results are in good agreement with each other.
Introduction
Microwave cavity filters with low insertion loss, high power handling capability, excellent frequency selectivity, and miniaturized profile are greatly desired for base stations of the advanced wireless communication systems. Previously, microwave cavity filters were implemented with single-mode cavities [1] [2] [3] . In [1, 2] , four and eight waveguide-coupled single-mode cavities were employed to design elliptic and narrowband filters, respectively. In [3] , the filter synthesis method of identical narrowband high-Q cavities was utilized to design a sixth-order elliptic narrowband filter.
On the other hand, bandpass filters (BPFs) with larger fractional bandwidth are vastly required to qualify for the advanced wireless communication systems. Until recently, the majority of waveguide cavity BPFs reported were single-mode cavity filters [4, 5] , but these single-mode cavity BPFs are constrained with narrow bandwidth and are larger in size. To be eligible for the base-station employments in a wireless communication system, miniaturization of the waveguide cavity filters is very much in demand. One of the methods to achieving miniaturization of cavity filters is the usage of multi-mode resonators (MMRs) [6] [7] [8] [9] [10] . Lin [11] was the first to design an MMR filter in 1951, after which many MMR filters were designed using several perturbation methods, such as half-cut dielectric loading [12, 13] , screws [14] , irises [15, 16] , and corner-cuts [15, 17] . A quadruple-mode filter based on modified coaxial cavity resonators was also designed using four coaxial structures in a single cavity [18] . All of the aforementioned works were constrained with a narrow bandwidth.
In order to achieve wider fractional bandwidth, an off-centered metallic-loaded perturbation technique was proposed, employing a single waveguide cavity [19] [20] [21] . In [19] , off-centered metallic cylinders were placed at the bottom of a waveguide cavity to separate the degenerate modes and in return realize a wideband triple or quadruple-mode filter. In [20] , a mushroom-shaped perturbation cylinder was introduced along with the screw supported from the top wall instead of the conventional metal cylinder, which resulted in almost double the fractional bandwidth (FBW) with almost half the cavity size. Similarly, a special cavity-shape was utilized in [21] to design a wideband triple-mode filter. Although a wide FBW was achieved in these works, these filters were constrained with poor out-of-band rejection.
Careful investigation shows that in many designs, the three edge lengths of the cavity are very close, thus many resonant modes are crowded in the out-of-band frequency range. There always exist one or several resonant modes that strongly couple with the probes and cause poor rejection in the out-of-band. In this paper, we propose to reduce the resonant modes in the out-of-band region by largely cutting down the height of the cavity. With smaller height, those resonant modes with multiple vertical oscillations are shifted far higher away. Most of the lower resonant modes are quasi-TM mode. It is effective to adjust them with vertically-placed metal poles in the cavity to get better out-of-band rejection. To validate this idea, a quadruple-mode wideband bandpass filter was designed based on our previous works [20, 21] , where mushroom shaped metallic perturbation cylinders were used to further reduce the cavity size. Two metallic rods were inserted into the cavity via its perpendicular sidewalls to act as input and output probes. The proposed filter targeted more optimum sets of resonant modes, which were different from [19] , by exploiting the cavity dimensions. The lowest two quasi-TM modes and two additional resonant modes caused by the input/output probes contributed to passband. The quadruple-mode bandpass filter was designed at 2.93 GHz with 38% wide FBW. A prototype filter was fabricated to vindicate the experimental results of the proposed filter. Measured results agreed well with the simulated ones. Figure 1 illustrates the physical configuration of the proposed quadruple-mode resonator, which was comprised of two mushroom-shaped conductive cylinders along with a pair of perpendicularly fed coaxial lines incorporated in a single rectangular waveguide cavity. Two screws penetrated the top wall of the cavity right above the off-centered perturbation cylinders to fine tune the coupling and resonant frequencies. The resonator was symmetric with respect to the s-s' plane. One end of the conductive cylinders was short-circuited on the bottom of the cavity, while the other end was kept open. The gap generated between the caps of the conductive cylinders and the top wall of the cavity formed a capacitor dependent on the area of the cylinders-caps and their distance from the top wall of the cavity. Increase in the capacitance caused a significant decrease in the frequencies of the resonant modes, which in turn reduced the cavity-size to retain a particular frequency [20] . The size of the rectangular waveguide cavity was described with the base length (parameter a) and the height (parameter b), which were about λ o /2 and λ o /4, respectively (where λ o refers to the wavelength taken at the center frequency). The realization of input and output ports took place by extending the inner conductor of the coaxial lines into the waveguide cavity via its perpendicular sidewalls. The probes were positioned under the caps of the off-centered mushroom-shaped cylinders. Instead of the simple conductive cylinders used in the conventional off-centered perturbed resonators [19] , the mushroom-shaped conductive cylinders were used to reduce the cavity-size to less than half and improve the out-of-band rejection significantly with wider fractional bandwidth [20] . This special-shaped cylinder configuration, along with the smaller height of the cavity, revealed new resonant modes for realization of the quadruple-mode filter. The two perturbation cylinders and the two input/output probes were responsible for the excitation of the four resonant modes. The two perturbation cylinders largely contributed to the excitation of the first two resonant modes, while these cylinders (in combination with the two feeding probes) excited the remaining two modes.
Quadruple-Mode Resonator

Configuration and Characteristics
By examining electromagnetic field distributions of the resonant modes in Figure 2 , it was observed that all four resonant modes were quasi-TM modes. The H-field distributions of all these modes are included in the Figure to provide understanding of the resonance. The field distributions were observed from the cut-plane c-c' parallel to the xoz-plane, as is clearly graphed in Figure 1d . The first two resonant modes mainly affected by the two capped cylinders included quasi-TM01 and quasi-TM11 mode, which can be seen in Figure 2a and Figure 2b , respectively. Besides these, there were other two modes-namely quasi-TM mode-3 and quasi-TM mode-4-with fields concentrating around the two probes, as clearly depicted in Figure 2c and Figure 2d , respectively. This special-shaped cylinder configuration, along with the smaller height of the cavity, revealed new resonant modes for realization of the quadruple-mode filter. The two perturbation cylinders and the two input/output probes were responsible for the excitation of the four resonant modes. The two perturbation cylinders largely contributed to the excitation of the first two resonant modes, while these cylinders (in combination with the two feeding probes) excited the remaining two modes.
By examining electromagnetic field distributions of the resonant modes in Figure 2 , it was observed that all four resonant modes were quasi-TM modes. The H-field distributions of all these modes are included in the Figure to provide understanding of the resonance. The field distributions were observed from the cut-plane c-c' parallel to the xoz-plane, as is clearly graphed in Figure 1d . The first two resonant modes mainly affected by the two capped cylinders included quasi-TM 01 and quasi-TM 11 mode, which can be seen in Figure 2a ,b, respectively. Besides these, there were other two modes-namely quasi-TM mode-3 and quasi-TM mode-4-with fields concentrating around the two probes, as clearly depicted in Figure 2c ,d, respectively. 
Parametric Optimization
Height of the perturbation cylinders (parameter hcyl), offset-shift of the perturbation cylinders from the cavity-center (parameter ofst), and length of the coupling probes (parameter lprb) were three critical parameters to control resonant frequencies of the four modes. The mode-chart comprised of resonant frequencies of the first four resonant modes along with the lowest higher-order mode graphed against these critical parameters is displayed in Figure 3 . Figure 3a shows the variation in height of the perturbation cylinders (parameter hcyl) from 5 mm to 13 mm while fixing ofst = 6mm. By increasing the value of hcyl, the resonant frequencies of the first two modes (quasi-TM01, quasi-TM11) could be lowered significantly. For the lower values of hcyl, the fourth and fifth resonant modes (mode-4 and lowest higher-order mode) were merged into each other. As the value of the hcyl increased beyond 6mm, the two modes started separating, and mode-4 moved towards mode-3 until an optimum value (line x-x') was reached. Similarly, in Figure 3b , the optimum value (line y-y') of the offset shift parameter ofst could be determined by varying its value from 6mm to 8mm while keeping the already optimized value of hcyl fixed at line x-x'. Insertion of the two coaxial line probes lowered the resonant frequencies of mode-3 and mode-4 significantly and brought them into the passband to realize the quadruple-mode filter, as shown in Figure 3c . The length of the probes (parameter lprb) increased starting from 0mm until it reached its optimum value represented by line z-z'. The passband was realized by distributing all the resonant modes evenly. 
Height of the perturbation cylinders (parameter h cyl ), offset-shift of the perturbation cylinders from the cavity-center (parameter ofst), and length of the coupling probes (parameter l prb ) were three critical parameters to control resonant frequencies of the four modes. The mode-chart comprised of resonant frequencies of the first four resonant modes along with the lowest higher-order mode graphed against these critical parameters is displayed in Figure 3 . Figure 3a shows the variation in height of the perturbation cylinders (parameter h cyl ) from 5 mm to 13 mm while fixing ofst = 6mm. By increasing the value of h cyl , the resonant frequencies of the first two modes (quasi-TM 01 , quasi-TM 11 ) could be lowered significantly. For the lower values of h cyl , the fourth and fifth resonant modes (mode-4 and lowest higher-order mode) were merged into each other. As the value of the h cyl increased beyond 6mm, the two modes started separating, and mode-4 moved towards mode-3 until an optimum value (line x-x') was reached. Similarly, in Figure 3b , the optimum value (line y-y') of the offset shift parameter ofst could be determined by varying its value from 6mm to 8mm while keeping the already optimized value of h cyl fixed at line x-x'. Insertion of the two coaxial line probes lowered the resonant frequencies of mode-3 and mode-4 significantly and brought them into the passband to realize the quadruple-mode filter, as shown in Figure 3c . The length of the probes (parameter l prb ) increased starting from 0mm until it reached its optimum value represented by line z-z'. The passband was realized by distributing all the resonant modes evenly. 
Bandpass Filter Design
A compact quadruple-mode wideband bandpass filter was designed based on the configurations and characteristics of the proposed quadruple-mode resonator discussed in a previous section. The bandpass filter was designed with wide bandwidth, improved out-of-band rejection, high Q-factor, and good power handling capability. This section covers the design methodology of the proposed filter.
Coupling Mechanism
The transversal coupling topology was implemented to design the quadruple-mode filter [22] , as depicted in Figure 4 . The four shaded circles labeled as 1, 2, 3, and 4 represent the four resonant 
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Coupling Mechanism
The transversal coupling topology was implemented to design the quadruple-mode filter [22] , as depicted in Figure 4 . The four shaded circles labeled as 1, 2, 3, and 4 represent the four resonant Electronics 2019, 8, 300 6 of 10 modes, while the two white circles on opposite sides represent the source and the load. The solid and dotted lines connecting resonators, source, and load show coupling and weak coupling among them, respectively. The mutual coupling among the four resonant modes was weak and could be neglected. The values of the coupling matrix were extracted using the extraction method explained in [23] . The coupling matrix explaining the filtering function is presented in (1) . 
The values of the coupling matrix were extracted using the extraction method explained in [23] . The coupling matrix explaining the filtering function is presented in (1). 
The filter responses acquired from HFSS simulations and the coupling matrix are compared in Figure 5 to validate the accordance of the simulation model with the coupling matrix. The results of the two models showed a good agreement between each other.
Two transmission zeros appeared on both sides of the passband due to the source-load coupling induced by perpendicularly placed coaxial probes. The filter responses acquired from HFSS simulations and the coupling matrix are compared in Figure 5 to validate the accordance of the simulation model with the coupling matrix. The results of the two models showed a good agreement between each other.
modes, while the two white circles on opposite sides represent the source and the load. The solid and dotted lines connecting resonators, source, and load show coupling and weak coupling among them, respectively. The mutual coupling among the four resonant modes was weak and could be neglected. The values of the coupling matrix were extracted using the extraction method explained in [23] . The coupling matrix explaining the filtering function is presented in (1). 
Two transmission zeros appeared on both sides of the passband due to the source-load coupling induced by perpendicularly placed coaxial probes. Two transmission zeros appeared on both sides of the passband due to the source-load coupling induced by perpendicularly placed coaxial probes.
Q-factors
The electromagnetic (EM) simulator Ansoft HFSS was used to obtain the values of the unloaded Q-factors (Q u ) and the loaded Q-factors (Q l ) while keeping the geometrical parameters of the coaxial probes the same. However, the boundary conditions applied to the two ports were Perfect E and matched-50Ω for Q u and Q l , respectively. The external Q-factor (Q e ) for every resonant mode could be calculated by:
Q e is generally defined for a single port, whereas in this case, the simulations to find Q e were carried out by setting both ports terminated with outer resisters. The loss associated with Q e was halved for one port, which resulted in multiplying a constant two on the left side of Equation (2) .
The Q e of the four resonant modes graphed against l prb are shown in Figure 6 . For the lower values of l prb , the values of Q e for the first two quasi-TM modes were very high, which represented their weak coupling with the input and output coupling probes. When the value of l prb increased beyond 14mm, the Q e of all the four resonant modes attained stability and remained under 50. The values of Q e for the four resonant modes were Q e1 = 17.93, Q e2 = 8.27, Q e3 = 11.95, and Q e4 = 41.61. The unloaded quality factors for the same modes were 5336, 3234, 4616, and 6864, respectively. 
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e Q is generally defined for a single port, whereas in this case, the simulations to find e Q were carried out by setting both ports terminated with outer resisters. The loss associated with e Q was halved for one port, which resulted in multiplying a constant two on the left side of Equation (2). 
Out-of-Band Rejection
The out-of-band rejection of the filter was improved largely by exploiting the height of the waveguide cavity, b. The lowest higher order mode was restricted towards the higher frequencies by choosing the appropriate value of b, as clearly depicted in Figure 7 . For ≥ , the lowest higherorder mode moved very close to the passband, providing narrow out-of band rejection, while for b < 0.5a, the higher mode could be pushed away from the passband to achieve a wider out-of-band rejection with sharp attenuation. Figure 7 shows how a cavity size could be critical in achieving the desired results. Along with b, the mushroom shape of the perturbation cylinders was also crucial in lowering the resonant frequencies, which in turn reduced the overall cavity size [20] . Figure 6 . External quality factor Q e against varying l prb .
The out-of-band rejection of the filter was improved largely by exploiting the height of the waveguide cavity, b. The lowest higher order mode was restricted towards the higher frequencies by choosing the appropriate value of b, as clearly depicted in Figure 7 . For b ≥ a, the lowest higher-order mode moved very close to the passband, providing narrow out-of band rejection, while for b < 0.5a, the higher mode could be pushed away from the passband to achieve a wider out-of-band rejection with sharp attenuation. Figure 7 shows how a cavity size could be critical in achieving the desired results. Along with b, the mushroom shape of the perturbation cylinders was also crucial in lowering the resonant frequencies, which in turn reduced the overall cavity size [20] . 
Power Handling Capability
The power handling capability of a cavity is usually measured with factor 2 max
W E =
, where W is the total electro-magnetic energy stored in the cavity, and max E is the maximum magnitude of the electric field in the cavity. The stored energy is basically proportional to the hollow volume of the cavity. Keeping the cavity-size constant, a cavity with mushroom-shaped cylinders has larger hollow volume compared to the cavity with uniform metallic cylinders, and generally has better power handling capability [20] . The power handling capability for the proposed filter with mushroom-shaped cylinders was 19 9.8e −  , which was larger than that of the cavity filter with uniform metallic cylinders for keeping the same passband center frequency.
Filter Realization
The proposed quadruple-mode resonator was utilized to realize the wideband bandpass filter after achieving the appropriate dimensions for all the parameters. Optimized dimensions of the filter were a = 50, b = 21, ofst = 7.5, lprb = 19.3, hcyl = 11, rcyl = 4.8, rcap = 6 (all in mm). The simulated results show that the stopband rejection level was better than 30 dB on both sides of the passband, below 2 GHz on the lower side, whereas it was from 3.8 GHz to 6.8 GHz on upper side of the passband with a return loss that was also better than 30 dB, as shown in Figure 8 . The simulated insertion loss of the filter observed was less than 0.03 dB. 
Experimental Results and Discussions
The filter was designed at 2.93 GHz with 38% wide fractional bandwidth. Figure 8 shows that the simulated and measured S-parameters of the filter agreed well with a small deviation probably caused by loss of the aluminum material used and tolerance in the fabrication of the cavity, cylinders, 
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Filter Realization
The proposed quadruple-mode resonator was utilized to realize the wideband bandpass filter after achieving the appropriate dimensions for all the parameters. Optimized dimensions of the filter were a = 50, b = 21, ofst = 7.5, l prb = 19.3, h cyl = 11, r cyl = 4.8, r cap = 6 (all in mm). The simulated results show that the stopband rejection level was better than 30 dB on both sides of the passband, below 2 GHz on the lower side, whereas it was from 3.8 GHz to 6.8 GHz on upper side of the passband with a return loss that was also better than 30 dB, as shown in Figure 8 . The simulated insertion loss of the filter observed was less than 0.03 dB. 
Power Handling Capability
The power handling capability of a cavity is usually measured with factor 2 max WE = , where W is the total electro-magnetic energy stored in the cavity, and max E is the maximum magnitude of the electric field in the cavity. The stored energy is basically proportional to the hollow volume of the cavity. Keeping the cavity-size constant, a cavity with mushroom-shaped cylinders has larger hollow volume compared to the cavity with uniform metallic cylinders, and generally has better power handling capability [20] . The power handling capability for the proposed filter with mushroom-shaped cylinders was 19 9.8e −  , which was larger than that of the cavity filter with uniform metallic cylinders for keeping the same passband center frequency.
Filter Realization
Experimental Results and Discussions
The filter was designed at 2.93 GHz with 38% wide fractional bandwidth. Figure 8 shows that the simulated and measured S-parameters of the filter agreed well with a small deviation probably caused by loss of the aluminum material used and tolerance in the fabrication of the cavity, cylinders, and probes. It was noticed that the tips of the input/output probes were slightly bent away from the Electronics 2019, 8, 300 9 of 10 mushroom-shaped cylinders, which was believed to be the main cause for the small deviation between simulated and measured results. The deviation could be minimized by selecting materials with low loss and improving the fabrication process, especially the probes. The measured insertion loss at the center frequency was 0.06 dB, and the measured return loss for the wide passband was better than 25 dB. The measured group delay showed considerable linearity along the wider passband of the filter. A prototype filter was fabricated using aluminum to validate the simulated results of the filter, as clearly photographed in Figure 9 .
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Conclusions
In this paper, a quadruple-mode wideband bandpass filter employing a rectangular waveguide cavity was presented. Two mushroom-shaped perturbation cylinders along with two perpendicularly inserted coaxial probes were used to excite the four resonant modes. The employment of mushroom-shaped cylinders resulted in a significant reduction of the cavity size. Height of the cavity and shape of the perturbation cylinders were exploited to improve the out-ofband rejection, selectivity, and miniaturization. A filter prototype was fabricated, and its performance Table 1 presents the comparison of this filter with other similar cavity filters reported in recent past. The proposed filter outperformed the other works in the field of out-of-band rejection, fractional bandwidth, overall size, and insertion loss. 
In this paper, a quadruple-mode wideband bandpass filter employing a rectangular waveguide cavity was presented. Two mushroom-shaped perturbation cylinders along with two perpendicularly inserted coaxial probes were used to excite the four resonant modes. The employment of mushroom-shaped cylinders resulted in a significant reduction of the cavity size. Height of the cavity and shape of the perturbation cylinders were exploited to improve the out-of-band rejection, selectivity, and miniaturization. A filter prototype was fabricated, and its performance was measured to validate the design. The measured results were in accordance with the simulated ones. The measured results of the filter showed low insertion loss (<0.06 dB), good return loss (>25 dB), wider fractional bandwidth (38%), and improved out-of-band rejection (2.32 f o , >30 dB).
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